Abstract optomotor-blind (omb) and optomotor-blind related-1 (org-1) encode T-domain DNA binding proteins in Drosophila. Members of this family of transcription factors play widely varying roles during early development and organogenesis in both vertebrates and invertebrates. Functional specificity differs in spite of similar DNA binding preferences of all family members. Using a series of domain swap chimeras, in which different parts of OMB and ORG-1 were mutually exchanged, we investigated the relevance of individual domains in vitro and in vivo. In cell culture transfection assays, ORG-1 was a strong transcriptional activator, whereas OMB appeared neutral. The main transcriptional activation function was identified in the C-terminal part of ORG-1. Also in vivo, OMB and ORG-1 showed qualitative differences when the proteins were ectopically expressed during development. Gain-of-function expression of OMB is known to counteract eye formation and resulted in the loss of the arista, whereas ORG-1 had little effect on eye development but caused antenna-to-leg transformations and shortened legs in the corresponding gain-of-function situations. The functional properties of OMB/ORG-1 chimeras in several developmental contexts was dominated by the origin of the C-terminal region, suggesting that the transcriptional activation potential can be one major determinant of developmental specificity. In late eye development, we observed, however, a strong influence of the T-domain on ommatidial differentiation. The specificity of chimeric omb/org-1transgenes, thus, depended on the cellular context in which they were expressed. This suggests that both transcriptional activation/repression properties as well as intrinsic DNA binding specificity can contribute to the functional characteristics of T-domain factors. q
Introduction
T-domain proteins are a family of transcription factors that regulate key processes during animal development such as cell fate assignment and cell differentiation, morphogenic movements, inductive tissue interactions, and the formation of organs such as eye, limbs, and heart. The defining feature of the T-box family is a 180-200 amino acids large DNA binding motif, the T-domain. The relevance of T-domain factors in controlling development is apparent from many T-box gene mutants in a wide range of metazoan species from Caenorhabditis elegans to man which show profound developmental abnormalities (Papaioannou, 2001) . In humans, five T-box genes (TBX1, TBX3, TBX5, TPIT/TBX19, and TBX22) are associated with clinical syndromes (Packham and Brook, 2003) , and TBX2 was found to be amplified in a subset of primary breast (Jacobs et al., 2000; Sinclair et al., 2002) . Ulnarmammary syndrome and DiGeorge syndrome, two of these congenital syndromes, are caused by mutation or deletion of TBX3 and TBX1, respectively (Bamshad et al., 1997; Jerome and Papaioannou, 2001; Lindsay et al., 2001; Merscher et al., 2001) . TBX2/3 and TBX1 are the closest human homologs of the Drosophila T-box genes optomotor-blind (omb) and optomotor-blind related-1 (org-1) (Papaioannou, 2001) . omb is a genetically complex locus with an intricate and highly dynamic expression pattern in which regulatory alleles cause a variety of external, neuroanatomical, and behavioral phenotypes (Poeck et al., 1993; Pflugfelder and Heisenberg, 1995) . Null mutations are lethal (Pflugfelder et al., 1992a) . omb mutants show the most conspicuous defects in wing, eye, and optic lobe development. In the wing, omb is required predominantly for the development of the more distal structures and is synergistically controlled by Decapentaplegic (Dpp) and Wingless (Wg) (Grimm and Pflugfelder, 1996; Del Alamo Rodriguez et al., 2004) . In the eye disc, omb is expressed at the dorsal and ventral margins. In hypomorphic omb alleles, the number of ommatidia in the adult eye is increased along the dorso-ventral axis, leading to eyes with more than 1000 ommatidia compared to about 800 in the wildtype. Overexpression of omb in the margins can decrease ommatidia to about half the wildtype number. Ectopic omb expression at the posterior margin (where retinal development is initiated) completely blocks retinal differentiation. In eye development, omb, therefore, functions as an anti-retinal gene to delimit the dorso-ventral extent of the future eye field (Poeck et al., 1993; Chao et al., unpublished; this work) . Even though omb is strongly expressed in antennal and leg discs, loss-of-function mutations in omb cause no or only a subtle phenotype, respectively. Pharate adult legs show a slight dorsal kink in the distal tibia (Grimm, 1997) .
org-1 is most strongly expressed during embryogenesis where it appears to play a role in the patterning of the visceral mesoderm (Lee et al., 2003) . Expression in imaginal discs is poorly detectable. No org-1 mutants are known. Ubiquitous induction of org-1 RNA interference caused pupal lethality. Strong RNAi expression during imaginal development revealed an org-1 requirement predominantly in thorax and distal wing development but no apparent involvement in eye-antennal or leg discs. RNAi constructs from two different parts of the org-1cDNA yielded the same phenotype indicating specificity of the interference experiment (Porsch et al., unpublished) .
The T-domain was originally defined by a statistical analysis of the OMB protein sequence and by homology to the mouse Brachyury protein (Herrmann et al., 1990; Pflugfelder et al., 1992b) . Further work by Herrmann and colleagues revealed the Brachyury T-domain as a sequence specific DNA binding domain, C-terminally flanked by a set of transactivation and repression domains. In vitro target site selection analyses indicated preferential Brachyury binding to a 20 bp degenerate palindrome made up of two closely related half sites (Kispert and Herrmann, 1993; Kispert, 1995; Kispert et al., 1995; Papapetrou et al., 1997) . Numerous in vitro selection and in vivo transcription experiments, and the characterization of actual target genes identified the Brachyury consensus half site as a common target of all T-domain proteins investigated, so far. This also holds for OMB and ORG-1 (Grimm, 1997; this work) . Within the enhancers of T-domain protein-controlled genes, half sites generally occur in small groups of two or more members. The half sites are variably spaced, occur in all conceivable relative orientations, and can show considerable deviation from the consensus sequence (Carreira et al., 1998; Casey et al., 1998 Casey et al., , 1999 Tada et al., 1998; Di Gregorio and Levine, 1999; Takahashi et al., 1999; Erives and Levine, 2000; Mitani et al., 2001; Kusch et al., 2002; Lingbeek et al., 2002; Agarwal et al., 2003; Small and Krieg, 2003; Chen et al., 2004; Heicklen-Klein and Evans, 2004) .
The majority of T-box factors, investigated so far, are transcriptional activators (e.g. Kispert et al., 1995; Zhang and King, 1996; Conlon et al., 2001; Ghosh et al., 2001; Hiroi et al., 2001; Lamolet et al., 2001 ). Here we show that ORG-1 also functions as an activator. The only known transcriptional repressors in the T-box gene family are TBX2 and TBX3/ET, the closest vertebrate homologs of OMB (Carreira et al., 1998; Galibert et al., 1999; He et al., 1999; Jacobs et al., 2000; Sinha et al., 2000; Carlson et al., 2001; Chen et al., 2001 Chen et al., , 2004 Habets et al., 2002; Paxton et al., 2002; Prince et al., 2004) . Our findings suggest that OMB, too, is a member of this functional subgroup. Furthermore, T-domain proteins can physically interact with other DNA bound factors to control target gene expression (Bruneau et al., 2001; Conlon et al., 2001; Hiroi et al., 2001; Lamolet et al., 2001; Habets et al., 2002; Fan et al., 2003; Garg et al., 2003; Stennard et al., 2003; Takeuchi et al., 2003) . On natural promoters, closely related T-domain proteins can replace one another while more distantly related family members are inactive or exert different effects (Lamolet et al., 2001; Habets et al., 2002; Kusch et al., 2002; Lingbeek et al., 2002) . However, even in the same cellular context, T-domain proteins of the same subfamily can differ in developmental specificity. An example for this is provided by the role of Tbx4 and Tbx5 in limb development. Tbx4 and Tbx5 code for closely related T-domain proteins. In higher vertebrates, they are expressed in nearly complementary patterns during limb formation: Tbx5 is exclusively expressed throughout the forelimb bud, whereas Tbx4 mRNA is predominantly found in the hindlimb bud Gibson-Brown et al., 1996; Ruvinsky and Gibson-Brown, 2000) . In the chick, misexpression of Tbx5 in the presumptive hindlimb region causes a partial transformation of the leg into wing, resulting in wing/leg mosaic limbs. Conversely, ectopic Tbx4 in the developing wing promotes the growth of leg-like structures (Logan and Tabin, 1999; Rodriguez-Esteban et al., 1999; Takeuchi et al., 1999) . We are, therefore, far from understanding the mechanisms underlying T-domain protein functional specificity.
We here address the question about the relative role of different parts of T-domain proteins (T-domain versus flanking regions) for their biological activity. We observed that two distantly related Drosophila T-domain proteins (OMB and ORG-1 share 61% of residues in the T-domain but are highly diverged outside) caused distinct phenotypes when ectopically expressed during fly development. This provided the basis for a domain swap experiment. We created chimeras in which the T-domain or the T-flanking regions were exchanged between the two proteins and determined whether a given phenotypic effect was associated with a particular protein domain. The chimeric genes were expressed in cultured cells and in transgenic flies. In transfected cells, OMB and ORG-1 showed a clear-cut difference in transcriptional activation potential which could be attributed largely to the origin of the C-terminal region. Also in vivo, in several tissues, the developmental consequences of chimeric gene expression was dominated by the origin of the C-terminal domain. In one developmental context (retinal differentiation), however, the developmental outcome was affected by the origin of all parts of the chimeric protein. The results demonstrate the importance of protein sequences lying both within and outside of the T-domain for the functional specificity of these T-domain proteins and show that distinct parts of OMB and ORG-1 are required for their specific effects in different cellular contexts.
Results

Ectopic OMB and ORG-1 have different effects on imaginal development
Both loss-of-function and gain-of-function expression of T-box genes tend to have profound effects on vertebrate development (Papaioannou, 2001 ). This also holds for Drosophila development, as is evinced by the two well studied T-box genes omb and brachyenteron (Pflugfelder et al., 1992a; Kispert et al., 1994; Murakami et al., 1995; Grimm and Pflugfelder, 1996; Singer et al., 1996; Duncan, 1997, 2002; Kusch and Reuter, 1999) and, as will be shown below, for the more recently identified org-1 (Porsch et al., 1998) .
We wanted to determine the contribution of different protein regions in T-domain proteins to the generation of their biological effects. For this investigation, we chose the T-box genes omb and org-1 because their effect (or lack of it) on the development of several imaginal structures is known from mutant or RNAi analysis (see Introduction). To compare the consequences of ectopic expression of org-1 and omb we generated UAS-org-1 and UAS-omb transgenic flies which allow expression under the control of Gal4 driver lines (Brand and Perrimon, 1993) . Ubiquitous expression of either gene under actin5C-Gal4 or tubulinGal4 control caused lethality. Expression in a more restricted pattern using a dpp-Gal4 driver (StaehlingHampton et al., 1994 ) allowed development of most independent transgenic lines to at least the pharate adult stage. The development of several imaginal disc-derived adult structures was found to be severely disturbed in a T-box gene specific way. We will restrict our description and further analysis to tissues (eye, antenna, leg) in which omb and org-1 either play no major role or are functionally well defined (omb in the eye).
Ectopic org-1 caused severe malformations of antenna and legs. The antenna of wildtype Drosophila can be subdivided into three segments and the arista (Bryant, 1978) (Fig. 1A) . Ectopic org-1 expression in this tissue induced a transformation of the third segment and arista into distal leg structures. In strong cases, the entire arista including its basal cylinder were completely replaced by tarsal structures ( Fig. 1B ; note the presence of thick leg bristles and claws as features of the distal leg). Thus, dpp-Gal4 driven org-1 led to a homeotic transformation of the distal antenna into the corresponding leg structures, whereas the two proximal antennal segments remained unaffected. Similar antenna-toleg transformations were obtained with the Gal4 line E132 (Halder et al., 1995) (data not shown). Ectopic org-1 expression affected the development of the pro-, meso-, and metathoracic legs in a similar way. All legs had shortened but still distinct proximal segments, whereas distal leg segments tended to fuse as indicated by the dense bristle pattern in the tarsal region (Fig. 1E) . As in the case of the antenna, ectopic org-1 expression during development affected distal leg segments more severely than proximal ones.
Ectopic omb expression in the antenna resulted in the lack of the arista, even in weakly expressing lines (Fig. 1C) . In the legs, omb caused distal truncations (Fig. 1F) . Thus, ectopic expression of org-1 and omb affected appendages differently, org-1 causing antennal transformations and shortening or fusion of leg segments, while ectopic omb led to the loss of arista and distal leg segments.
Distinct consequences of ectopic expression of omb and org-1 were also observed in eye development (Fig. 2) . dppGal4 driven expression of omb led to a severe reduction in eye size or even to the complete loss of retinal tissue (Fig. 2B) . The same driver with org-1 had the opposite effect. It could increase the ommatidial number by more than 15% (O930 ommatidia, Fig. 2C ) whereas in wildtype the ommatidial number always was below 800 (Fig. 2A) . With omb expressed under GMR-Gal4 control, highly degenerated eyes were obtained (Fig. 2E ). GMR-Gal4 is active in all cells behind the morphogenetic furrow of the eye imaginal disc (Ellis et al., 1993) . Other Gal4 driver lines active during eye development, such as sevE-Gal4, produced similarly disorganized eyes with omb (not shown). GMR-Gal4 driven org-1 expression caused disruptions of the regular ommatidial arrangement giving the eyes a rough appearance (Fig. 2F ). More strikingly, the eye bristles were largely missing (Figs. 2F,6C).
Identification of determinants of developmental specificity by domain swapping
The results described above show that ectopic expression of omb or org-1 has very different effects on various developmental programmes that determine the morphology of the adult fly. These observations raise the question of where within the OMB and ORG-1 protein sequences functional specificity is encoded.
omb and org-1 code for T-domain proteins with 188 amino acids (aa) (OMB) or 192 aa (ORG-1) large, centrally located T-domains (Porsch et al., 1998) (Fig. 3) . The OMB and ORG-1 T-domains share 60.8% aa identity and are flanked by extensive N-and C-terminal regions. Outside of the T-domains, no significant sequence similarity exists between OMB and ORG-1. In order to address the question of where within these two proteins specificity determinants are located, we conceptionally subdivided the proteins into three parts: the N-terminal region ('N-domain'), the DNA binding T-domain, and the C-terminal region ('C-domain'). We determined the relevance of these domains for the functional specificity of OMB and ORG-1 in vivo by creating a series of chimeric omb/org-1 transgenes (Fig. 3) . Similar approaches have been used successfully for T-domain proteins and other transcription factors (e.g. Kamachi et al., 1999; Marcellini et al., 2003) .
Constructs coding for all possible OMB and ORG-1 domain combinations as well as for the original proteins were cloned into pUAST (Brand and Perrimon, 1993) and introduced into w 1118 Drosophila flies via P-element mediated germline transformation. All experimental constructs were tagged at both the N-and C-terminus with a MYC (OMB) or HA (ORG-1) tag. Due to the cloning strategy (see Materials and methods) two or three amino acids were introduced at the junctions between the domains. To control for their influence, the function of such jointed proteins (e.g. assembled from the three amplified OMB domains) was compared to the fully wildtype gene products. Similarly, the influence of the terminal tags was tested. Both modifications did not alter protein functions (see below). In the following, only results obtained with the jointed proteins will be presented as controls for the chimeric proteins. At least six independent insertion lines were obtained for each construct. These were assessed for expression levels which can depend on the chromosomal insertion position (see Materials and methods). In this way, individual lines with comparable expression strengths were identified (Supplementary Figure) . In addition, we also crossed all 116 independent lines containing one of the 12 constructs to dpp-Gal4 and reared the crosses at 18, 25 and 29 8C to determine whether differences in their transgene expression levels would lead to qualitative changes in phenotype. Although phenotypic expressivity and penetrance increased with elevated transgene expression, no qualitative changes in the phenotypes were seen (Supplementary Table) . Strong responder lines were used in the subsequent analysis. (D), dpp-Gal4/UAS-org-1 (E), dpp-Gal4/UAS-omb (F). The 5 leg segments are, from proximal to distal: coxa (co), trochanter (tr), femur (fe), tibia (ti), and tarsus which is subdivided into 5 tarsal subsegments (t1-t5) and a pair of claws (c). Distal leg segments are extremely compressed and fused in dpp-Gal4/UAS-org-1 flies. Claws as the distal-most structure are still present (arrow) (E). Misexpression of omb causes a truncation of tarsal segments (F).
2.3. The C-terminal region of OMB and ORG-1 is the major specificity determinant in early eye development Ectopic omb or org-1 expressions, driven by dpp-Gal4, exerted distinct effects on eye and antennal development. Ectopic omb counteracted eye formation and led to loss of the arista, while ectopic org-1 led to an increase in eye size and caused antenna-to-leg transformations (Figs. 1,2) . The effects of various omb/org-1 chimeras on eye development were analyzed using the same dpp-Gal4 driver.
In the eye, dpp-Gal4 driven expression of the jointed omb transgene resulted in eye loss indistinguishable from the effect caused by the wildtype, unjointed open reading frame (ORF) (Fig. 4B) . Misexpression of the jointed org-1 construct, like the wildtype ORF, produced normal or slightly enlarged eyes (Fig. 4C) . Thus, jointed omb and org-1 constructs which were assembled from single domains did not differ from the parental omb and org-1 ORFs (compare Fig. 4B ,C with Fig. 2B,C) . These findings demonstrated that neither the short linker sequences between the domain borders nor the terminal epitope tags, that were added to make the chimeric proteins detectable by monoclonal antibodies, influenced the developmental specificity of OMB and ORG-1.
Chimeric org-1NCombTCombC, in which the N-terminal domain of OMB was replaced by that of ORG-1, still suppressed eye formation (Fig. 4D ) and, therefore, had the same effect as omb expression in the eye. The complementary ombNCorg-1TCorg-1C transgene retained org-1 character, as seen by the development of normal to slightly larger eyes (Fig. 4G) . Thus, the swap of the N-terminal region between OMB and ORG-1 did not influence the specificity of the remaining protein.
In contrast, when we assessed omb/org-1 chimeras with exchanged C-terminal domains, we observed normal or, occasionally, larger eyes in ombNCombTCorg-1C flies dpp-Gal4/w 1118 (A), dpp-Gal4/UAS-omb (B), dpp-Gal4/UAS-org-1 (C), GMR-Gal4/w 1118 (D), GMR-Gal4/UAS-omb (E), GMR-Gal4/UAS-org-1 (F). The compound eye of Drosophila consists of a regular arrangement of about 800 ommatidia. dpp-Gal4-driven ectopic omb expression can completely antagonize eye development (B). GMR-Gal4-driven omb expression causes retinal degeneration (E). Early ectopic expression of org-1 can increase the ommatidial number (C), late expression causes loss of the interommatidial bristles (F). Anterior is left and dorsal is up. Each scale bar represents 200 mm. (E) and (F) are at the same magnification as (D).
( Fig. 4E) , and small eyes upon org-1NCorg-1TCombC expression (Fig. 4H) . In eye development, therefore, the C-terminal domain appeared to be dominant over the other domains.
This tendency was confirmed by experiments, in which the T-domain was swapped. dpp-Gal4 driven expression of org-1NCombTCorg-1C led to flies with large eyes indicating org-1-like characteristics for this transgene. These eyes, however, were also markedly expanded caudally (Fig. 4F) , a phenotype that was never observed with either starting construct. Expression of ombNCorg-1TCombC caused small eyes as with omb itself (Fig. 4I) . Additionally, dorso-caudal outgrowths occurred with low penetrance. Therefore, also in the T-domain swap constructs, the presence of the C-domain governed the tendency towards eye size increase or decrease but, unlike the C-domain swap constructs, novel phenotypes appeared which were not observed with parental omb or org-1.
The C-terminal region of OMB and ORG-1 is the major determinant of developmental specificity in the antenna
In the antenna, dpp-Gal4 driven expression of the composite omb or org-1 constructs produced similar phenotypes as those obtained with the unjointed and untagged parental transgenes (compare Fig. 5B ,C with Fig. 1C,B) . The consequences of ectopic expression of the omb/org-1 chimeras on antennal development are shown in Fig. 5D-I . Antennae of org-1NCombTCombC flies lacked the aristae and thereby correspond to the antennal phenotype of flies with ectopic omb expression. Hence, as in the eye, Fig. 3 . Domain structure of OMB and ORG-1 and survey of OMB/ORG-1 chimeras. OMB and ORG-1 have a centrally located T-domain ('T'), flanked by large N-terminal ('N') and C-terminal regions ('C'). Numbers above the boxes indicate domain sizes in amino acids (aa), numbers below the boxes give the relative position within the proteins. Individual domains of OMB (black boxes) and ORG-1 (white boxes) were amplified and used as modules to build chimeric transgenic constructs. The N-and C-terminal regions were tagged with MYC (in OMB, shown in green) or HA epitopes (in ORG-1, in red). In addition to the chimeric transgenes, continuous, full-length OMB and ORG-1 constructs with or without terminal tags were included as controls. Vertical bars within the protein symbols indicate assembly from single domains and introduction of two to three junctional amino acids (alanine, glycine or threonine).
org-1NCombTCombC in the antenna has omb specificity. The other chimeras containing the OMB C-terminal region, org-1NCorg-1TCombC and ombNCorg-1TCombC, also prevented arista formation (Fig. 5H,I ) and were omb-like. In the latter two cases, the third antennal segments showed, however, small bulbous outgrowths not observed in the parent constructs.
In contrast, various arista transformations were obtained with the three constructs that included the ORG-1 C-domain (Fig. 5E-G) , suggesting that the presence of the ORG-1 C-terminal domain is crucial for an org-1-like character of the chimeras. The reciprocal exchange of the C-domains between OMB and ORG-1 is, therefore, sufficient to change the developmental specificity of the entire proteins: ombNCombTCorg-1C transforms the arista into leg tissue and, therefore, has acquired org-1-like character; org-1NCorg-1TCombC leads to arista loss and has acquired omb-like character. Taken together, the effects of the dpp-Gal4 driven expression of omb/org-1 chimeric transgenes on early eye and antennal development consistently indicated that much of the specificity of OMB and ORG-1 is located in their C-terminal regions. In contrast, the N-and T-domains in OMB and ORG-1 appear to have only minor importance in determining the functional specificity in early eye and antennal development.
2.5. OMB domains (N, T, or C) dominate the developmental specificity of most OMB/ORG-1 chimeras in GMR-driven eye expression
We next misexpressed the omb/org-1 chimeras using GMR-Gal4 and compared the consequences for eye development with flies expressing the unswapped omb and org-1 constructs. Ectopic omb expression in the cells of the differentiating retina caused ommatidial degeneration and a smaller eye size (Figs. 2E,6B ). In contrast, GMR-Gal4 driven org-1 resulted in slightly roughened eyes with a drastically reduced number of interommatidial bristles (Figs. 2F,6C ). All chimeric constructs that contained one or more OMB domains (with one notable exception) led to a more or less severe impairment of ommatidial development, indicating that all OMB Fig. 4 . Consequences of dpp-Gal4 driven ectopic expression of omb/org-1 chimeric transgenes on eye development. Scanning electron micrographs of adult eyes of the following genotypes: dpp-Gal4/w 1118 (A), dpp-Gal4/UAS-ombNCTCC (B), dpp-Gal4/UAS-org-1NCTCC (C), dpp-Gal4/UAS-org-1NCombTC ombC (D), dpp-Gal4/UAS-ombNCombTCorg-1C (E), dpp-Gal4/UAS-org-1NCombTCorg-1C (F), dpp-Gal4/UAS-ombNCorg-1TCorg-1C (G), dppGal4/UAS-org-1NCorg-1TCombC (H), dpp-Gal4/UAS-ombNCorg-1TCombC (I). Major specificity determinants map to the C-terminal regions of OMB and ORG-1. Eyes are small or lost with chimeras containing the OMB C-domain (B,D,H,I). Normal or increased eye size is seen with constructs containing the ORG-1 C-domain (C,E,F,G). Anterior is left and dorsal is up. All eyes were photographed at the same magnification; the scale bar in (A) is 200 mm.
domains can impart OMB-type specificity in late eye development (Fig. 6E-I) . Surprisingly, org-1NCombTC ombC, as an exception, had an essentially pure org-1 phenotype (Fig. 6D) . Why this particular combination of OMB and ORG-1 domains upon GMR-driven expression is refractory to the developmental influence of the OMB domains is currently unclear. In all other cases, the OMB T-domain seemed to be more effective in specifying an OMB-type fate than its N-and C-terminally flanking domains (Fig. 6B,E,F) . The latter may function additively or synergistically, since the presence of both domains in the chimera ombNCorg-1TCombC resulted in complete loss of ommatidial surface structure (Fig. 6I) .
In all combinations of OMB domains with the ORG-1 T-domain, a novel phenotype appeared. Chimeric ombNCorg-1TCorg-1C, org-1NCorg-1TCombC, and ombNCorg-1TCombC induced a dense growth of differently shaped microchaetae in the eye field (Fig. 6G-I) . Like in org-1 expressing flies (Fig. 6C ) only a few normal interommatidial bristles remained, indicating an influence of the ORG-1 T-domain also on this aspect of the phenotype. In ombNCorg-1TCombC some of the interommatidial bristles were duplicated (Fig. 6I ).
OMB and ORG-1 have a different transcriptional activation potential that is determined by their T-domain flanking regions
The domain swap experiments described above revealed that much of the functional specificity of OMB and ORG-1 is determined by regions outside their T-domains. This suggests that mechanisms other than intrinsic DNA target site discrimination are relevant for their developmental specificity. Conceivably, OMB and ORG-1 might differ in their transcriptional activation properties. We investigated this idea in cell culture experiments.
Like all T-domain proteins tested so far, OMB is able to bind to the T site consensus sequence (Grimm, 1997) . We, therefore, constructed the reporter plasmid pGL3-Tsite by inserting one copy of the T site upstream of the hsp70minimal promoter and the luciferase gene for Schneider S2 cell transient transfection assays. OMB and ORG-1 were expressed under the control of the actin 5C promoter (Fig. 7A) . ORG-1 proved to be a strong transcriptional activator whereas OMB did not activate reporter gene transcription over the entire concentration range tested (Fig. 7B) . OMB and ORG-1 (and their Fig. 5 . Effects of ectopic expression of omb/org-1 chimeric transgenes on antennal development. Antennae of flies of the following genotypes are shown: dppGal4/w 1118 (A), dpp-Gal4/UAS-ombNCTCC (B), dpp-Gal4/UAS-org-1NCTCC (C), dpp-Gal4/UAS-org-1NCombTCombC (D), dpp-Gal4/UAS-ombNC ombTCorg-1C (E), dpp-Gal4/UAS-org-1NCombTCorg-1C (F), dpp-Gal4/UAS-ombNCorg-1TCorg-1C (G), dpp-Gal4/UAS-org-1NCorg-1TCombC (H), dpp-Gal4/UAS-ombNCorg-1TCombC (I). Expression of chimeric proteins containing the OMB C-domain causes loss of the arista (B,D,H,I), whereas constructs with the ORG-1 C-domain induce various transformations of the arista (C,E,F,G). Arrows in (H) and (I) indicate small outgrowths on the third segment. chimeras) had shown similar translational efficiencies and protein stability after transient expression in transgenic flies (Supplementary Figure) . Insufficient OMB production, therefore, was unlikely to be the cause of OMB's lack of transcriptional activity. To rule out that OMB in vivo (unlike to what had been observed in vitro) was unable to bind to the consensus T site, OMB and ORG-1 expressing plasmids were simultaneously cotransfected with the pGL3-T-site reporter. OMB, in a dose-dependent manner, blocked ORG-1-stimulated luciferase transcription (Fig. 7C) . Given the known affinity of OMB for the T site (Grimm, 1997) this indicates that both proteins compete for this binding site in vivo.
In order to determine which parts of OMB and ORG-1 are responsible for their different transcriptional activities, we measured the activation strength of the chimeric proteins at a concentration that yielded saturated activation with ORG-1. Comparably strong luciferase transcription was seen with both parental (NTC) and jointed (NCTCC) ORG-1 (9.8 and 11.4-fold induction, respectively), whereas OMB (NTC or NCTCC) did not stimulate transcription. Therefore, as was observed with the transgenic flies, the introduction of amino acids between the domains did not affect protein performance. The reciprocal exchange of the T-domain between OMB and ORG-1 did not alter the transcriptional activity of the resulting proteins: chimera org-1NCombTCorg-1C induced strong luciferase activation (10.7-fold), while ombNCorg-1TCombC did not (1.1-fold). Thus, in this assay, the T-domains are not responsible for the distinct transcriptional activity of OMB and ORG-1. Consistent with this, the C-domains and to a lesser extent the N-domains controlled the transcriptional activity in all OMB/ORG-1 fusion proteins. Chimeras containing the ORG-1 C-domain in combination with the OMB N-domain functioned as moderate transcriptional activators and ombNCorg1TCorg-1C (2.9-fold)]. Thus, the ORG-1 C-domain proved to be a portable transactivation domain that yielded comparable activation with both the OMB and ORG-1 T-domain. The ORG-1 N-domain imparted little activation in the context of the OMB C-domain but showed strong apparent activational synergism in combination with the ORG-1 C-domain independent of the quality of the T-domain (Fig. 7D) . 
(A), GMR-Gal4/UAS-ombNCTCC (B), GMR-Gal4/UAS-org-1NCTCC (C), GMR-Gal4/UAS-org-1NC ombTCombC (D), GMR-Gal4/UAS-ombNCombTCorg-1C (E), GMR-Gal4/UAS-org-1NCombTCorg-1C (F), GMR-Gal4/UAS-ombNCorg-1TCorg-1C
(G), GMR-Gal4/UAS-org-1NCorg-1TCombC (H), GMR-Gal4/UAS-ombNCorg-1TCombC (I). All chimeras, with the exception of org-1NCombTC ombC (D) produce a disruption of ommatidial development reminiscent of the action of OMB. The OMB T-domain appears more effective (F) than the flanking domains (G,H). Combinations of OMB domains seem to act more strongly than individual domains (B,E,I). All eyes were photographed at the same magnification; the scale bar in (A) is 20 mm. 
Discussion
We have shown that expression of omb or org-1 during imaginal disc development can interfere with normal imaginal development or promote the development of novel adult features. The phenotypic consequences of ectopic expression differed profoundly for OMB and ORG-1. This observation provided the basis for an in vivo assay to investigate the significance of the T-domain versus the N-and C-terminally flanking regions in OMB and ORG-1 for developmental specificity.
Transcription factors can exert different functions if they differ in DNA binding specificity (i.e. they bind to a distinct set of target genes) or if they function differently on the same set of target genes. In the latter case they can either differ in their activation or repression potential or in the way they interact with more specific components of the cellular transcription machinery. These possibilities are not mutually exclusive. DNA binding activity, by definition, is predominantly located in the DNA binding domain, but its specificity can be modified by protein-protein interaction of all parts of the protein.
Sequences outside of the T-domain are important for the developmental specificity and the transcriptional activity of OMB and ORG-1
The data we obtained with OMB/ORG-1 chimeras indicate that regions outside of the T-domain can govern their developmental specificity. In dpp-Gal4 driven expression, the C-terminal domains of OMB or ORG-1 were sufficient to endow OMB/ORG-1 chimeras with OMB-like or ORG-1-like character in the early development of both eye and antenna. As outlined above, these data cannot be interpreted as signifying that differences in DNA binding specificity are irrelevant for the different developmental roles of the two T-domain proteins. They do suggest, however, that the intrinsic (i.e. T-domain autonomous) DNA binding specificity is not the decisive factor. Rather, the C-domains of the two proteins could differ in activation/repression potential or could specify DNA binding extrinsically by interaction with cofactors. Here we show in cell culture assays that OMB and ORG-1 drastically differ in activation potential, ORG-1 being a strong activator while OMB could not activate transcription from the hsp70 minimal promoter. Due to the low basal transcription rate of the reporter gene, our experiments could not provide direct evidence for a repressive role of OMB. Two observations suggest, however, that in particular the OMB C-domain is able to act as a repressor. First, the OMB C-terminal region contains several runs of homopolymeric alanine (Pflugfelder et al., 1992b) . This has been noted as a characteristic feature in several transcriptional repressors (e.g. Galant and Carroll, 2002) . Second, the low transcriptional activation by the ORG-1 N-domain in the presence of the OMB C-domain and the apparent activational synergism between the ORG-1 N-and C-domains suggest repressive qualities of the OMB C-domain.
This difference in transcription activation function correlates with the dominant character of the C-domains in the OMB/ORG-1 chimeras. This suggests that, in early eye-antenna development, the effects of OMB and ORG-1 are governed by their distinct transcriptional activation potentials. Our results do not rule out a more specific role of the C-terminal domains. This question can now be addressed using heterologous activation/repression domains. In early eye development, the phenotypic consequences of ectopic omb and org-1 expression appear as antagonistic, omb leading to a reduction, org-1 to an increase in ommatidial number. One explanation for this antagonism is that, in this tissue, OMB and ORG-1 can bind to the same set of target genes, whose activation leads to an increase in ommatidial number, while their repression causes the opposite effect. There is precedence for the antagonistic action of T-domain proteins in developmental decisions. Tbx5 and Tbx2 bind to the ANF gene promoter in mammalian heart development either activating or repressing its transcription (Habets et al., 2002) . In zebrafish mesoderm development, the T-domain proteins Ntl and Tbx6 compete for common target sites. Comparable to ORG-1 and OMB, NTL is a transcriptional activator and Tbx6 has no activation potential (Goering et al., 2003) . In a transphylum domain-swap experiment between Brachyury homologs, a quantitative determinant of mesoderm induction could also be localized to the C-terminus. In this case, it was not determined whether there was a correlation with the transactivation potential. In the same experiments, a determinant for endoderm specification was identified in the N-terminus (Marcellini et al., 2003) . The relevance of the T-domain flanking domains is also apparent from the analysis of TBX5 mutations in Holt-Oram syndrome (HOS) patients. HOS can be elicited by mutations in the flanking domains, which do not affect DNA binding in vitro but completely abolish synergistic interaction with Nkx2-5 (Fan et al., 2003) .
The OMB and ORG-1 T-domains can influence developmental specificity in GMR-driven gene expression of OMB/ORG-1 chimeras
We observed that all chimeras containing the ORG-1 T-domain caused an unusual hairy eye phenotype when expressed under GMR-Gal4 control indicating an involvement of T-domain DNA binding specificity. GMR-Gal4 drives gene expression in all cells of the eye disc epithelium posterior to the morphogenetic furrow. In this cell population, omb is only expressed and required at the dorso-ventral margins while org-1 appears to play no role in normal development and has not been detected. GMR-Gal4, therefore, is active in a tissue where neither gene is normally expressed. It is difficult to conceive of retinal degeneration and loss of interommatidial bristles as the two alternatives of one developmental decision effected by the antagonistic regulation of one set of target genes. In this case, it appears more likely that OMB and ORG-1 ectopically bind and regulate different target genes.
In a previous study on T-box specificity, Smith and colleagues investigated the relevance of the T-domains of Xbra, VegT, and Eomesodermin for determination of target gene specificity by expressing T-domain fusion proteins in early Xenopus embryos. In this case, the specificity of the three investigated proteins was determined to a large extent, but not exclusively, by the T-domain (Conlon et al., 2001) . As outlined in the introduction, all T-domain proteins are able to interact with (groups of) half sites as originally defined by Brachyury binding studies (Kispert and Herrmann, 1993) . Individual T-domain proteins can, however, differ in other binding characteristics such as dimerization tendency or the preference for certain arrangements of binding sites with regard to spacing or orientation (Kispert and Herrmann, 1993; Grimm, 1997; Sinha et al., 2000; Conlon et al., 2001) . The replacement of a single presumably DNA binding amino acid of VegT and Eomesodermin with the corresponding amino acid of Xbra was sufficient to change the target gene expression profile of VegT and Eomesodermin to resemble that of Xbra (Conlon et al., 2001 ). This suggests that differences in DNA binding can be crucial for target gene specificity of T-domain proteins in vivo. As stated above, intrinsic DNA binding specificity as exclusive determinant of developmental specificity is not compatible with the overriding influence of the C-terminal domain which we found in some of our experiments.
The developmental specificity of OMB/ORG-1 chimeras differs in different cells
The phenotype of a given OMB/ORG-1 chimera could be OMB-or ORG-1-like depending on the Gal4 driver under whose control it was expressed. The clearest example for this observation was provided by chimera org-1NCombTC ombC that, when expressed under dpp-Gal4 control, unambiguously showed omb-specific phenotypes in eye and antenna, but caused an org-1-like character in ommatidia when activated by GMR-Gal4. We conclude from these findings that different protein domains contribute to OMB or ORG-1 function in the undifferentiated eye/antennal disc versus differentiating retina cells. The C-domains of OMB and ORG-1 are the main specificity determinants in OMB/ORG-1 chimeras in early eye/ antennal development, whereas generally all three OMB domains contribute to OMB specificity during ommatidial differentiation. This suggests that the specificity of OMB/ORG-1 chimeras is not solely intrinsic to their protein sequences, but also depends on the cellular context in which they are expressed. In T-domain proteins, a cell-type dependence was described for the nucleo-cytoplasmic distribution (Collavoli et al., 2003) and for activation/ repression properties (Stennard et al., 2003) . The situation with T-domain proteins is thus comparable to that observed with homeodomain DNA binding proteins. In various proteins and cellular contexts a domineering influence of both the homeodomain (Lin and McGinnis, 1992; Chan and Mann, 1993; Furukubo-Tokunaga et al., 1993; Zeng et al., 1993) and flanking protein domains on developmental specificity has been described (Sreenath et al., 1996; Li and McGinnis, 1999; Chauvet et al., 2000; Galant and Carroll, 2002; Ronshaugen et al., 2002) .The different phenotypes of OMB/ORG-1 chimeras in different cell types and developmental stages will aid in the identification of tissue-and stage-specific cofactors.
Certain OMB/ORG-1 chimeras cause novel phenotypes
We noted that certain OMB/ORG-1 domain compositions gave rise to novel phenotypes that were not observed with the parental proteins OMB or ORG-1. For example, misexpression of org-1NCombTCorg-1C or ombNCorg1TCombC induced caudal expansions of the eye. In the antenna, third antennal segments showed bulbous outgrowths upon expression of various chimeras. Certain omb/org-1 chimeras induced abundant ectopic microchaetae in the eye field when misexpressed with GMR-Gal4. The loss of interommatidial bristles, as caused by org-1 overexpression, is a rather common phenotype which can, for example, be observed upon changes in the signaling activity of the Notch and wingless pathways (Dietrich and CamposOrtega, 1984; Cadigan and Nusse, 1996) . To our knowledge the ectopic formation of microchaetae on the facet eye has not been described, however, in Drosophila melanogaster. In Drosophila robusta, the isolation of a spontaneous hairy eyed mutant was reported which may have been phenotypically similar (Spencer, 1946) .
Possible explanations for the potency of certain chimeras to produce novel phenotypes include an altered regulation of OMB or ORG-1 target genes and/or new target gene specificities due to inappropriate protein-protein interactions. In the metazoan T-box proteins, the N-and Cterminal domains flanking the T-domain generally are poorly conserved, even between closely related species. This lack of constraint may explain the great versatility of T-box genes which evolved to control a wealth of biological processes (Papaioannou, 2001 ).
Materials and methods
4.1. Cloning of UAS-omb, UAS-org-1, and chimeric UAS-omb/org-1 transgenes UAS-omb and UAS-org-1 were cloned by inserting the omb or org-1 cDNA downstream of the UAS promoter into the germline transformation vector pUAST (Brand and Perrimon, 1993) . For the generation of chimeric UAS-omb/ org-1 constructs, DNA coding for the OMB and ORG-1 N-, T-, or C-domains was amplified with Pfu DNA polymerase (Promega) catalyzed linker PCR and individually cloned into pKS (Pharmacia). Sequence-confirmed omb and org-1 domains were released by restriction digest and used as modules from which omb/org-1 chimeras were assembled. Composite NCTCC constructs were obtained by four component ligation (EcoRI-NotI-KpnI-XbaI) into pUAST opened at EcoRI and XbaI. The extent of the T-domains in OMB and ORG-1 was defined according to the X-ray structure of the Xenopus Brachyury T-domain bound to its target DNA (Müller and Herrmann, 1997) . Sizes and coordinates of the OMB and ORG-1 domains are given in Fig. 3 . MYC or HA epitope tags were added to both ends of OMB (MYC) and ORG-1 (HA), in order to make the chimeric proteins detectable with available monoclonal antibodies. Primer sequences for the amplification of omb domains were:
Primer sequences for the amplification of org-1 domains were:
Within the primer sequences, restriction sites used for cloning are underlined, the Cavener consensus sequences required for efficient initiation of translation are marked in bold and the encoded MYC or HA epitope tags are indicated by italics.
Transgenes containing the continuous OMB and ORG-1 open reading frames were amplified with primer pairs DOMB-ND-DS and DOMB-CD-US, and DORG-1-ND-DS and DORG-1-CD-US, respectively.
All transgenic constructs were sequenced and were shown to code for proteins of the expected size when expressed in Drosophila.
4.2. Drosophila stocks, transgenesis, and rearing conditions dpp-Gal4, E132-Gal4, hsp70-Gal4, sevE-Gal4, and GMR-Gal4 were obtained from K. Basler, G. Halder, and the Bloomington stock center. Transgenic Drosophila flies were generated by standard P-element mediated germline transformation of Drosophila embryos (Santamaria, 1986; Spradling, 1986) . Flies were raised at the required temperature on standard Drosophila medium.
Determination of the relative expression strength of individual UAS-transgenic lines
UAS-transgenic lines were crossed to hsp70-Gal4 flies. Females transheterozygous for the hsp70-Gal4 and the UAS-transgenes were selected from the offspring. 12-36 h old flies were exposed to a single 45 min heat shock at 37 8C (flies were transferred into empty food vials containing a moistened piece of paper and subsequently put into a 37 8C room) that induces ubiquitous Gal4 expression. At several time points after the heat shock (0-24 h), 10 flies were decapitated and heads were homogenized in 10 ml/head Laemmli SDS-PAGE loading buffer using glass tissue grinders (Kontes). The homogenate was incubated 5 min at 95 8C, centrifuged, and stored in 10 ml aliquots at K20 8C until the samples were separated by conventional SDS-PAGE (Laemmli, 1970) . Western blots were simultaneously incubated with anti-HA (mab 12CA5, 1:1000, Roche) or anti-MYC (mab 1-9E10.2, 1:75, American Type Culture Collection) and anti-SAP47 (nc46/1, 1:1000, a gift of E. Buchner, Würzburg). The ECL kit (Amersham) was used for signal detection according to the supplier's manual.
Scanning electron microscopy
Flies were anaesthesized by CO 2 , selected, and killed with ether. Flies were then fixed in 6.25% glutaraldehyde, 100 mM Na-phosphate buffer pH 7.4 at 4 8C overnight. Subsequently, the flies were dehydrated in a series of acetone/100 mM Na/K-phosphate 'Sörensen' buffer pH 7.4 with increasing concentration of acetone. Dehydrated objects were kept in pure acetone, until dried at the critical point. The preparation was then sputtered with gold and visualized in a scanning electron miscroscope (Zeiss DSM 962).
Luciferase reporter assays
The pGL3-T-site reporter plasmid was generated by inserting annealed oligonucleotides containing the T site sequence, AATTTCACACCTAGGTGTGAAATT (Kispert and Herrmann, 1993) , into plasmid hsp70TATAluc (a gift of R. Reuter, Universität Tübingen, Germany) upstream of the hsp70 minimal promoter and the luciferase gene via KpnI and NheI. Effector plasmids were generated by placing coding sequences downstream of the actin 5C promoter into pAc5.1 (Invitrogen) opened at EcoRI and XbaI. omb, org-1, or omb/org-1 coding sequences were either subcloned from the pUAST constructs described above or were assembled from omb and org-1 domains by four component ligation (EcoRI-NotI-KpnI-XbaI). The normalization construct pAc5.1-renilla was generated by subcloning the Renilla luciferase gene Rluc of the pRL-TK vector (Promega) as a NheI, XbaI fragment into a pAc5.1 derivative containing a novel NheI site introduced between KpnI and EcoRI. All constructs were confirmed by sequencing.
Transient cotransfection experiments were performed using the Calcium Phosphate Transfection Kit (Invitrogen). For each experiment, 3!10 6 Drosophila S2 cells were seeded in 3 ml Schneider's Drosophila medium (Invitrogen) in a 35 mm plate and grown at 25 8C for 8 h. Medium was changed and the cells were cotransfected with 5 ng pGL3-T-site reporter plasmid, 5 ng pAc5.1-renilla normalization plasmid, 1 mg (if not stated otherwise, Fig. 7B,C) effector plasmid, and carrier DNA (pKS) to a final amount of 13.3 mg DNA. Sixteen hours after transfection, the cells were washed twice with PBS and grown in medium for further 22 h, when the cells were lysed in 800 ml Passive Lysis Buffer (Promega). Luciferase assays were performed with 20 ml lysate using the Dual Luciferase Reporter Assay System (Promega) according to the supplier's manual and were quantitated with a Bertholdt luminometer. Transfections were set up in triplicate and each enzymatic assay was performed in duplicate. Indicated relative values are the means of three independent experiments after normalization.
